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Abstract: Agarwood is the precious fragrant wood produced by the tropical tree Aquilaria, often after elicitation by wounding or
fungal attack. In this study we established a cell suspension culture of A. malaccensis from leaf-derived callus and induced agarwood
production in the culture using fungal elicitors. Elicitors were made from crude mycelial extracts of two fungal species from the genera
Trichoderma and Lasidiplodia. The elicitors were added to the cell suspension culture, initiated with 2 g of fresh calli, at concentrations
ranging from 2 to 10 mg L–1. A light agarwood scent was detected from the suspension culture elicited with 8 mg L–1 Trichoderma extract.
To increase scent intensity, cell suspension cultures were initiated from 2 to 8 g of calli and treated with 8 mg L–1 Trichoderma extract.
The combination of 8 g of calli inoculum and 8 mg L–1 Trichoderma extract produced the most intense fragrance, one comparable
to agarwood scent. The cell culture was harvested, extracted in methanol, and analyzed using GC-MS. Several important agarwood
compounds were detected including 8-epi-.gama.-eudesmol, á-guaiene, and alloaromadendrene oxide-1. Trichoderma appeared to be
a suitable inducer for agarwood production when used at an optimal concentration and in combination with a cell suspension culture
of Aquilaria.
Key words: Agarwood, cell culture, chemical constituents, endangered tree, GC-MS, Thymelaeaceae

1. Introduction
Aquilaria belongs to the family Thymelaeaceae, a major
source of agarwood or ‘gaharu.’ In Malaysia the primary
producer of agarwood is Aquilaria malaccensis, locally
known as ‘karas’. Agarwood has been traditionally used
in meditation and religious ceremonies in many different
cultures of the world. It is now a sought-after ingredient for
distinguished fragrance and modern medicines. During
their long life span as a timber species Aquilaria take
a considerable time to grow and form agarwood, which
happens at high levels of randomness in the natural forest.
High demand for the resinous wood in the international
market has seriously affected the natural resources and
placed major Aquilaria species under Appendix II of
the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES) (CITES, 2012).
Because the current supply of agarwood is mainly from
native forests, planting Aquilaria on a massive scale
appears to offer the best option to remove pressure from
the wild populations. In recent years, Aquilaria has also
been cultivated using tissue culture techniques to assist in
the conservation, improvement, and development of this
valuable endangered plant.
* Correspondence: rozimohd@upm.edu.my
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Agarwood formation is poorly understood. However,
it is assumed that formation is triggered when the tree is
under stress due to environmental conditions, wounding,
or pathogen attack (Barden et al., 2000). Several fungi
generally viewed as the main microbial components
responsible for agarwood formation have been isolated
and identified (Tamuli et al., 2000; Tabata et al., 2003;
Mohamed et al., 2010). Agarwood is made of secondary
metabolites and is considered a type of tree defense
response to infection or stress. A healthy Aquilaria tree
has not been known to produce the exalted scent of the
secondary metabolites; only a stressed or infected tree
exudes the scent (Yuan et al., 1992). The major defense
metabolites found in agarwood include alkaloids,
phenolics, aromatic terpenes, and chromones. The last two
compounds are major contributors to the agarwood scent
(Naef, 2011).
Many plants that possess high-value compounds are
difficult to cultivate. Often, the natural resources come
under threat because of overharvesting, as in the case of
Aquilaria. To overcome the problem and to meet the high
demand for agarwood, an alternative production system is
indispensable. Plant tissue culture is a promising technique
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for rapid and mass production in plant regeneration,
including continuous production of secondary metabolites
such as aromatic compounds (Shrivastava et al., 2006).
Many biotechnological strategies to enhance production
of secondary metabolites in plants have been explored.
Some of these include screening of high-yielding cell lines,
media modification, precursor feeding, elicitation, largescale cultivation in a bioreactor system, hairy root culture,
plant cell immobilization, and biotransformation (Namdeo
et al., 2002). Among these, enhancement of secondary
metabolites through elicitation has received attention for
commercial applications (Savitha et al., 2006).
Elicitors are signal molecules that trigger the signaltransduction cascade and lead to the activation and
expression of genes that are involved in the biosynthesis of
secondary metabolites (Zhao et al., 2005; Wang and Wu,
2013). In the case of Aquilaria, in which induction by biotic
or abiotic factors is a prerequisite for agarwood formation,
elicitors could be in the form of molecules that are released
endogenously when wounding commences or molecules
that are excreted by the pathogen or the fungal propagules.
Elicitation of secondary metabolite production in plant
cell cultures could be evoked by either of these molecules.
This is particularly exciting for agarwood research because
plant cell culture has been considered a success, at least
on a laboratory scale. Treatment of cultured A. sinensis
cells with fungal extracts from Melanotus flavolivens
apparently induced 2-(2-phenylethyl)-chromone, which
is a major constituent in agarwood with anti-allergenic
activity (Shu et al., 2005). In addition, treatment with
methyl jasmonate and salicylic acid, molecules thought to
take part in signaling transduction, induced production
of sesquiterpenes and chromones in Aquilaria calli and
cell suspension cultures (Okudera and Ito, 2009; Kumeta
and Ito, 2010). In this work, we studied the inoculum size
of starting materials in Aquilaria cell suspension culture
and tested elicitors derived from fungi on agarwood
production. We demonstrated that in vitro agarwood
elicitation is possible using a specific fungus; thus,
careful selection of the species is necessary. Using gas
chromatography-mass spectrometry (GC-MS), we proved
the presence of agarwood compounds in the fungalelicited cell suspension culture.
2. Materials and methods
2.1. Cell suspension culture and growth assessment
Murashige and Skoog (MS) medium and all hormones
were purchased from Sigma Aldrich (MO, USA). Cell
suspension cultures were initiated by inoculating 2 g, 4
g, and 8 g fresh weight (FW) of friable calli into 250-mL
Erlenmeyer flasks, each containing 50 mL of liquid MS
medium supplemented with 1.1 µM naphthaleneacetic
acid (NAA), 2.2 µM 6-benzylaminopurine (BAP), and

15 g L–1 sucrose with pH adjusted to 5.7. Friable calli
were prepared from leaf-derived callus cultures of A.
malaccensis, as described previously (Jayaraman et al.,
2013). A sieve with an opening size of 850 µm was used
to separate small cells from large aggregates, and this was
used to initiate the suspension culture. Suspension cultures
were grown in the dark at 25 ± 1 °C with reciprocal shaking
(110 rpm). For growth assessment, cells were harvested at
5-day intervals for a period of 35 days by ﬁltration using
Whatman filter paper (grade 1). Then cells were weighed
(FW) after washing repeatedly in sterile distilled water. For
growth assessment, cultures were initiated with different
inoculum densities, and all cells were harvested at 5-day
intervals for a period of 35 days. Cells were harvested from
liquid medium by ﬁltration using Whatman filter paper
(grade 1), washed repeatedly in sterile distilled water, and
weighed (fresh weight (FW)). Cells were dried in an oven
at 50 °C for 24 h until they reached a constant weight (dry
weight (DW)). Cell growth was measured and diagramed
over time to select the best time for elicitor introduction
(exponential phase) and harvesting (death phase) for use
in the following experiment.
2.2. Preparation of fungal elicitors
Two fungal isolates from two genera, Trichoderma and
Lasidiplodia, were cultured on potato dextrose agar
(Oxoid, UK) and incubated at 28 °C for 3 days. A 1-cm2
area of mycelium was cut and transferred to a 250-mL
Erlenmeyer flask containing 100 mL of potato dextrose
broth (Oxoid, UK) and incubated at 28 °C at 100 rpm for
3 weeks. Fully grown mycelia were collected by filtration
using Whatman filter paper (grade 1) and washed twice in
sterile distilled water (SDW). Mycelia were dried at 50 °C
overnight followed by homogenization in liquid nitrogen
using a mortar and pestle. The mixture was then dissolved
in water and left for 24 h at room temperature. Later, it
was dried in a rotary evaporator (Heidolph, UK) at 50 °C
and autoclaved for 20 min at 121 °C. The autoclaved crude
mycelial extract was used as the elicitor.
2.3. Agarwood induction using fungal elicitors
This experiment was carried out in a 250-mL Erlenmeyer
flask containing 50 mL of fresh MS medium. Each flask
was started with 2 g (FW) of friable cells as the inoculum.
After 10 days of growth, crude mycelial extracts (CMEs) of
Trichoderma and Lasidiplodia were added to the medium
to final concentrations of 2, 4, 6, 8, and 10 mg L–1. To
induce fragrance intensity, Trichoderma fungal extracts
were added to the cell suspension cultures (containing 2,
4, or 8 g FW of cells) to reach a final concentration of 8 mg
L–1. The cultures were maintained in an orbital shaker at
25 °C in the dark. Fungal elicitors were added on day 10
and harvested on day 25 for cultures started with 2 g and
4 g of cells and on day 20 for 8 g of cells. The harvested
cells were filtered through Whatman filter paper (grade 1)
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and weighed (FW). The DW was obtained by drying the
cells at 50 °C in an oven for 24 h. Visual observations were
based on calli and medium color, and sensory evaluation
was by sniffing the flask immediately after incubation. The
pH value was recorded before and after elicitation. All
experiments were conducted in triplicate.
2.4. Extraction and analysis of compound
Harvested cells were extracted using the following
procedure. A total of 5 g of dry cells were finely ground and
extracted using methanol (Merck, Germany) in a Soxhlet
apparatus for 5 h. The extract was evaporated to dryness
at 50 °C by rotary evaporator (Heidolph, UK). Then,
the residue was dissolved in 1 mL of methanol, filtered
through a 0.45-µM filter (Acrodisc syringe filters with
nylon membrane, MI, USA), and analyzed using the ISQ
Single Quadrupole GC-MS system (Thermo Scientific, FL,
USA). The GC column used was TG-5MS (30 m × 0.25
mm × 0.25 µm film thickness; Thermo Scientific), and
the conditions for the GC-MS analysis were as follows.
The carrier gas was helium with a flow rate of 1 mL
min–1. The oven temperature was kept at 40 °C for 3 min,
increasing to 320 °C at a rate of 5 °C min–1, and holding
for 20 min. The ion source temperature was 200 °C. The
mass spectrometer was operated in electron impact mode.
The mass spectrometer was scanned from mz–1 40 to 700.
Identification of compounds was based on comparisons
of their mass spectra with those recorded in the National
Institute of Standards and Technology database (NIST,
version 2.09, MD, USA).
2.5. Statistical analysis
The experiments were independently repeated three times
under the same conditions and concentrations. Data were
analyzed using Proc GLM (SAS version 9.2). Analysis of
variance (ANOVA) followed by Duncan’s multiple range
test for mean comparison (P = 0.05) were used to test
statistical significance.
3. Results
3.1. Growth assessment in cell suspension culture
Growth measurements can offer useful information for
cell suspension maintenance and further utilization. Calli
were first induced on solid medium, after which 2, 4, and
8 g of friable calli (FW) were transferred to liquid medium
comprising the same constituents and incubated at 25 ±
2 °C with rotary shaking at 110 rpm in the dark (Figure
1). Then their growth kinetics were determined. All three
culture types started with different amounts of inocula
showed sigmoidal growth curves over a 35-day culture
period (Figure 2). Cell suspension cultures started with
2 g and 4 g of calli yielded a high amount of biomass on
day 20 (Figures 2a and 2b). No increment was observed
from the initial day to the end of day 5, indicating the
lag phase of cell growth in these two cultures. Between

day 10 and 15, cell growth gradually increased into the
exponential phase. The cells entered the stationary phase
about 10 days before necrosis. On day 25 the cells started
to turn brownish, and there was a reduction in biomass.
For cell suspension cultures started with 8 g of calli, the
cells entered the exponential phase without undergoing
lag phases (Figure 2c). During the log phase (0–10 days),
these cells grew at a slower rate (0.2-fold) than in 2 g and
4 g cultures. The maximum biomass was achieved on day
15 and then decreased after 15 days of culture. Cultures
started with a smaller amount of inoculum seemed to
have better growth compared to those started with larger
amounts. Thus, a higher biomass in initial inoculums does
not necessarily produce a greater amount of cell biomass.
Because the growth curves revealed that the cells entered
the exponential stage on day 10, elicitors were introduced
into the cell suspension cultures on this day. During the
exponential phase cells normally have already adapted to
the new environment and are actively growing (Simic et
al., 2012). Therefore, adding elicitor to the medium can
stimulate the production of secondary metabolites while
minimizing the chance of cell growth inhibition.
3.2. Effects of fungal elicitors
The effects of crude mycelial extracts of Trichoderma
and Lasidiplodia in concentrations ranging from 2 to 10
mg L–1 were investigated in cell suspension cultures with
initial calli of 2 g. Only the culture treated with 8 mg L–1 of
Trichoderma gave a light agarwood scent, detected 20 days
after elicitation (Table 1). At the end of the 25-day growth
period biomass FW and pH medium were similar to those
of the control culture (4.1 g and pH 6.4). Suspension
cultures elicited with other concentrations of Trichoderma
extract did not produce any notable scent. In addition,
they had a reduction in biomass FW (2.8 g to 3.6 g) and
an increase in medium pH (7.7 to 8.0). In Lasidiplodiatreated cultures no profound scent was detected other
than the smell of callus (Table 2). When compared to
the control culture, those elicited with Lasidiplodia
had decreased amounts of fresh biomass (2.4 g to 3.8
g), and the medium became alkaline (pH 8.1 to 8.4). In
Trichoderma- and Lasidiplodia-treated cultures the color
of the cells and medium turned brown from milky white
by the end of the incubation period (Tables 1 and 2). To
intensify the agarwood scent, a cell suspension culture was
initiated using higher amounts of inocula (in the range of
2–8 g FW) and elicited using concentrated Trichoderma
elicitor (8 mg L–1) (Table 3). Among the various inoculum
densities tested, 2 g and 8 g of calli were optimal sizes, as
these cultures yielded agarwood scent when challenged
with Trichoderma at 8 mg L–1. However, Trichoderma
elicitor appeared to have a slight influence on cell growth.
In cell suspension culture started with 2 g of calli and
elicited with 8 mg L–1 Trichoderma, the biomass FW was
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a

b

c

Figure 1. Establishment of cell suspension cultures from leaf explants of Aquilaria malaccensis. Cultures were
started using different inocula sizes [(a) 2 g; (b) 4 g; (c) 8 g] of fresh calli in 50 mL of MS medium supplemented
with 1.1 µM NAA and 2.2 µM BAP. Photos were taken after 20 days of incubation at 25 °C in the dark.

1.13-fold higher than that of the control, unelicited culture.
The cell suspension culture started with 8 g of calli treated
with 8 mg L–1 Trichoderma yielded no significant growth
effect when compared to the control. For cell suspension
cultures started with 4 g of calli, an agarwood scent was
not detected even when challenged with Trichoderma.

3.3. Analysis of fragrant compounds in cell suspension
culture
Cell suspension cultures from 2 g and 8 g of calli elicited
with either 8 mg L–1 or 16 mg L–1 Trichoderma, and controls,
were investigated for their chemical constituents using GCMS. Accumulation of fragrant compounds in elicited cell
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Figure 2. Growth curve measurement of cell suspension cultures derived from Aquilaria malaccensis leaf explants with different
initial inocula sizes: (a) 2 g; (b) 4 g; (c) 8 g. Fresh weight (FW) and dry weight (DW) were determined every 5 days after inoculation.
Bars indicate the standard deviation of the mean (n = 3).
Table 1. Effects of different concentrations of crude mycelial extracts (CMEs) from Trichoderma on cell suspension culture started with
2 g of initial calli in MS medium containing 1.1 µM NAA and 2.2 µM BAP.
CME
(mg L–1)

Callus color

Medium color

pH*

BI

AI

BI

AI

BI

AI

BI

AI

AI

AI

0

White

White

Milky

Milky

5.7 ± 0.14

6.44 ± 0.23

Callus

Callus

4.11 ± 0.26

0.22 ± 0.39

2

Light
brown

Dark
brown

Milky

Dark
brown

5.9 ± 0.22

7.89 ± 0.38

Callus

Callus

3.58 ± 0.25

0.17 ± 0.47

4

Light
brown

Dark
brown

Milky

Dark
brown

5.7 ± 0.11

7.7 2± 0.26

Callus

Callus

3.25 ± 0.10

0.14 ± 0.33

6

White

Dark
brown

Milky

Dark
brown

5.81 ± 0.18

8.04 ± 0.24

Callus

Callus

3.03 ± 0.57

0.12 ± 0.46

8

White

Light
brown

Milky

Dark
brown

5.56 ± 0.29

6.62 ± 0.48

Callus

Light
agarwood

4.29 ± 0.37

0.25 ± 0.22

10

White

Dark
brown

Milky

Dark
brown

5.84 ± 0.35

7.75 ± 0.33

Callus

Callus

2.84 ± 0.61

0.09 ± 0.41

Scent+

FW* (g)

DW* (g)

*Values were expressed as means ± SD (n = 3). FW = fresh weight, DW = dry weight. BI = before inoculation (on day 9), AI = after inoculation (on day
25). +Scent detection was by sniffing the flask after 20 days of incubation in the dark.

suspension cultures was substantially different from the
control culture. A total of 28 compounds were identified
from the six cultures including fatty acids, sterols, aromatic
compounds, and sesquiterpenes (Table 4). Hexadecanoic

acid was found in all samples. Cultures initiated with 2 g
of calli, regardless of treatment, had similar compounds
including cis-13-octadecenoic acid, 1-hexadecanol
2-methyl, 8-heptadecene, and i-propyl 9-octadecenoate.
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Table 2. Effects of different concentrations of crude mycelial extracts (CMEs) from Lasidiplodia on cell suspension culture started with
2 g of initial calli in MS medium containing 1.1 µM NAA and 2.2 µM BAP.
Scent+

FW* (g)

DW* (g)

AI

AI

AI

Callus

Callus

4.11 ± 0.26

0.22 ± 0.39

7.98 ± 0.26

Callus

Callus

3.82 ± 0.29

0.19 ± 0.37

5.88 ± 0.18

8.09 ± 0.38

Callus

Callus

3.49 ± 0.22

0.16 ± 0.41

Dark
brown

5.85 ± 0.55

8.19 ± 0.26

Callus

Callus

3.32 ± 0.11

0.15 ± 0.33

Milky

Dark
brown

5.79 ± 0.36

8.11 ± 0.13

Callus

Callus

2.67 ± 0.20

0.10 ± 0.52

Milky

Dark
brown

5.8 ± 0.19

8.41 ± 0.29

Callus

Callus

2.38 ± 0.40

0.06 ± 0.36

CME
(mg L–1)

Callus color

Medium color

pH*

BI

AI

BI

AI

BI

AI

BI

0

White

White

Milky

Milky

5.7 ± 0.14

6.44 ± 0.23

2

White

Dark
brown

Milky

Dark
brown

5.62 ± 0.34

4

Light
brown

Dark
brown

Milky

Dark
brown

6

Light
brown

Dark
brown

Milky

8

White

Dark
brown

10

White

Dark
brown

*Values were expressed as means ± SD (n = 3). FW = fresh weight, DW = dry weight. BI = before inoculation (on day 9), AI = after
inoculation (on day 25). +Scent detection was by sniffing the flask after 20 days of incubation in the dark.
Table 3. Effects of different concentrations of crude mycelial extracts (CMEs) from Trichoderma on cell suspension cultures started with
various initial inoculum sizes in MS medium containing 1.1 µM NAA and 2.2 µM BAP
Initial
inoculum
size (g)

2

4

8

Scent+

FW* (g)

DW* (g)

AI

AI

AI

Callus

Callus

4.11 ± 0.26

0.22 ± 0.39

6.57 ± 0.39

Callus

Light
agarwood

4.65 ± 0.33

0.27 ± 0.31

5.84 ± 0.18

6.88 ± 0.42

Callus

Light
agarwood

3.19 ± 0.29

0.16 ± 0.11

Light
brown

5.81 ± 0.38

6.82 ± 0.24

Callus

Callus

5.63 ± 0.41

0.55 ± 0.19

Light
brown

Brown

5.61 ± 0.54

7.89 ± 0.17

Callus

Callus

5.77 ± 0.25

0.57 ± 0.28

Brown

Milky

Brown

5.89 ± 0.26

8.32 ± 0.28

Callus

Callus

4.99 ± 0.30

0.49 ± 0.32

White

Light
brown

Light
brown

Light
brown

5.59 ± 0.34

6.95 ± 0.15

Callus

Callus

8.22 ± 0.19

0.98 ± 0.14

8

White

Light
brown

Light
brown

Brown

5.34 ± 0.24

7.31 ± 0.28

Callus

Light
agarwood

8.07 ± 0.22

0.94 ± 0.27

16

White

Light
brown

Light
brown

Brown

5.51 ± 0.39

7.71 ± 0.67

Callus

Light
agarwood

8.16 ± 0.23

0.96 ± 0.20

Callus color

Medium color

pH*

BI

AI

BI

AI

BI

AI

BI

0

White

White

Milky

Milky

5.7 ± 0.14

6.44 ± 0.23

8

White

Brown

Milky

Brown

5.79 ± 0.21

16

White

Brown

Milky

Brown

0

White

Light
brown

Light
brown

8

White

Brown

16

White

0

CME
(mg L–1)

*Values were expressed as means ± SD (n = 3). FW = fresh weight, DW = dry weight. BI = before inoculation, AI = after inoculation. +Scent detection was
by sniffing the flask after 20 days of incubation in the dark.
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Table 4. Chemical compounds identified in the cell suspension cultures of Aquilaria malaccensis started from 2 g and 8 g of leaf-derived
calli and challenged with crude mycelial extract (CME) of Trichoderma at 8 mg L–1 and 16 mg L–1. Cells were harvested after 20 days for
2 g of initial calli or 25 days for 8 g of initial calli and extracted using methanol.
Relative peak area (%)
Name of compound detected through GC-MS

Initial inoculum size, 2 g

Initial inoculum size, 8 g

Crude mycelium extract (mg L–1)
Retention
time

Unelicited

8 mg L–1

16 mg L–1

Un elicited 8 mg L–1

16 mg L–1

Furfural

7.49

-

-

-

1.72

0.87

-

2-Furancarboxaldehyde, 5-methyl-

11.56

-

-

-

1.36

0.95

-

Monomethylmalonate

12.06

-

-

-

-

-

1.74

2-Pyrrolidinone

13.50

-

-

-

-

-

1.20

Clindamycin

15.10

-

-

-

1.45

0.51

-

4H-Pyran-4-one,2,3-dihydro-3,5dihydroxy-6-methyl-

17.10

-

-

-

2.13

1.46

1.41

Dimethyl 3-hydroxy-3-methylpentane-1,5-dioate

19.84

-

-

-

-

-

5.72

DL-Proline, 5-oxo-, methyl ester

21.66

-

-

-

-

4.16

-

Phenol, 2,6-dimethoxy-

22.80

-

-

-

2.35

1.45

-

Benzaldehyde,2-chloro-4-hydroxy-3,5-dimethoxy-

25.99

-

-

-

0.31

-

-

8-Epi-.gama.-eudesmol

29.53

-

-

-

-

0.63

-

á-Guaiene

30.07

-

-

-

-

0.54

-

8-Heptadecene

30.62

5.56

6.16

3.11

-

-

-

1-Hexadecanol, 2-methyl-

30.98

1.69

1.81

1.43

-

-

-

Hexadecanoic acid, methyl ester

33.60

-

-

-

-

-

1.96

Alloaromadendrene oxide-(1)

36.16

-

-

-

-

0.68

-

n-Hexadecanoic acid

37.14

14.84

13.79

12.58

12.64

13.12

10.64

9-Octadecenoic acid, methyl ester

39.35

-

-

-

1.86

-

-

cis-Vaccenic acid

40.05

-

-

-

26.12

18.98

16.48

cis-13-Octadecenoic acid

40.29

5.44

5.56

24.13

-

-

-

i-Propyl 9 octadecenoate

41.75

2.48

3.35

19.23

-

-

-

Chromone,5-hydroxy-6,7,8-trimethoxy-2,3-dimethyl-

46.51

-

-

-

-

1.53

0.28

6-Octadecenoic acid

46.53

2.72

3.57

-

-

-

-

11-Hexacosyne

46.69

-

-

3.58

-

-

-

Codeine

48.48

-

-

-

-

6.40

-

16-Octadecenoic acid, methyl ester

48.49

3.23

-

-

-

-

-

Ile-Arg

51.62

-

-

-

-

3.80

-

β-Sitosterol

57.83

-

-

-

4.04

0.46

-

‘-‘ = not detected.
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However, no major agarwood compounds were detected
in these samples although a mild agarwood scent was
detected from the elicited samples. Interestingly, cultures
started from 8 g of calli had a different list of compounds;
cis-vaccenic acid was the major compound, and 4H-pyran4-one, 2, 3-dihydro-3,5 dihydroxy-6-methyl- was a minor
compound. In addition, in the 8 g culture, different elicitor
concentrations seemed to induce different compounds.
Trichoderma at 8 mg L–1 elicited the highest number of
agarwood compounds and their derivatives. These were the
sesquiterpenes 8-epi-.gama.-eudesmol (0.63%), á-guaiene
(0.54), and alloaromadendrene oxide-1 (0.68%) and the
chromone
5-hydroxy-6,7,8-trimethoxy-2,3-dimethyl
(1.53%). Although the chromone derivative was still
present, the three sesquiterpenes were not detected when
the Trichoderma concentration was doubled. Similar to the
2 g calli culture, the 8 g calli culture when elicited with
16 mg L–1 Trichoderma gave a noticeable agarwood scent;
however, it did not contain many interesting compounds
except for the chromone derivative (0.28%). For cultures
challenged with Lasidiplodia extract, no compounds
related to agarwood were detected (data not shown).
In the present study, different inoculum densities were
employed for establishment of cell suspension cultures and
production of agarwood substances. Inoculation density
of cell suspension culture affects the activity of individual
enzymes in the biosynthesis pathways of secondary
compounds (Thanh et al., 2004). In cell suspension
cultures derived from Saussurea medusa leaf explants the
production of jaceosidin, a secondary metabolite, was
affected by inoculum densities (Akalezi et al., 1999). We
found that 8 g of inocula was the optimal density to start a
cell suspension culture intended for agarwood production,
and when coupled with a fungal elicitor at a specific
concentration, agarwood scent was readily detected from
the culture, as substantiated by compounds identified by
GCMS.
4. Discussion
Inoculum density is an important factor for plant cell
culture. It inﬂuences cell growth and affects accumulation
of secondary metabolites. Our results indicate that
a sigmoid growth-curve is generally observed for A.
malaccensis cell culture. The starting inoculum passes
through a series of characteristic growth phases initiated
by the lag phase (a period of cell adaptation), followed
by the exponential phase (a high rate of cell division),
the stationary phase, and ending with the death phase.
Acceleration of cell growth and proliferation was evident
from our study because the highest number of cells was

obtained for all the cultures (2 g to 8 g inoculum density)
during the stationary phase. Others have reported similar
findings. Cell growth of Glycyrrhiza inflata suspension
culture started with 2 g FW L–1 of initial inoculum reached
the highest biomass (17.1 g L–1) during the stationary stage
(Yang et al., 2009). The growth kinetic of transformed cell
suspension cultures of Coleus forskohlii was initiated with
a cell density of 1.5 × 105 cells mL–1. On day 42, during
the stationary stage, optimal cell growth with a 20-fold
increase in biomass was obtained (Mukherjee et al., 2000).
As cell growth was prolonged the lack of nutrients in the
culture medium; accretion of toxic by-products, tissue
metabolites, or dead cells; and oxygen depletion occurred
in the cell suspension culture. Similar phenomena were
observed in Cleome rosea (Karam et al., 2003), Salvia
fruticosa (Bourgaud et al., 2001), and Stevia rebaudiana
(Mathur and Shekhawat, 2013) and lead to the death
phase. We discovered that during the stationary phase, the
2 g initial inoculum resulted in a biomass that was 5-fold
higher than when 8 g was used. Cultures started with
inocula of high densities seemed to face limited growth
in comparison to those started with low densities. This
could be due to oxygen or nutrient limitations. A similar
observation was reported in the growth index of Artemisia
annua cell cultures in which the maximum growth index
was attained with the lowest inoculum density (0.25 g)
(Blackhall et al., 1999).
Generally, at the exponential phase of growth nutrients
and common precursors are allocated to primary
metabolism, resulting in a biomass increment, while only
a small amount of secondary metabolites is produced
(Bourgaud et al., 2001). For example, the synthesis of
a secondary metabolite, berberine, in the suspension
culture of Thalictrum rugosum resulted in small amounts
during the lag to exponential stages but increased at the
late stage of the culture due to cell lysis (Choi et al., 1999).
Apparently, when there is a reduction in growth rate plant
cell metabolism is shifted to the biosynthesis of secondary
metabolites (Bourgaud et al., 2001). With a suitable initial
inoculum size, higher production and accumulation of
secondary metabolites could be achieved. The effect of cell
inoculum density was studied using Catharanthus roseus
cells (Lee and Shuler, 2000), where high inoculum density
cultures produced high concentrations of ajmalicine. In a
similar study using suspension cultures of Perilla frutescens,
maximum cell density of 38.3 g DW was obtained when an
elevated inoculum size of 50 g of cells was used, resulting in
a 23-fold enhancement of anthocyanin production (Zhong
et al., 1995). We showed that initiating cultures with a high
density of inoculum produced better results, whereby the
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production of major agarwood compounds was stimulated
when compared to a lower inoculum density. Results of
the present study confirmed that the stimulatory influence
of inoculum density affected the cell growth kinetics and
metabolic activity in plant cell cultures (Su and Lei, 1993).
Secondary metabolites are produced by plants under
secondary metabolism pathways to protect themselves
against attacks from insects, herbivores, and pathogens
or to survive under other biotic and abiotic stresses
(Guo et al., 2013). Its formation in trees is triggered by
mechanical wounding and infectious diseases. Agarwood
formation is also thought to be an example of these
phenomena (Zhao et al., 2005). Studies have shown that
sesquiterpenes and phenylethyl chromone derivatives are
the main fragrant compounds in agarwood (Chen et al.,
2012). The sesquiterpenes found in agarwood are also
produced as phytoalexins under stress (Kumeta and Ito,
2010). Agarwood-producing plants are timber species
that require considerable time to grow and form resinous
portions inside the wood. Because of this, we opted to
use suspension cultures for studying the mechanism of
agarwood induction in Aquilaria, since studies using trees
are more complicated and difficult to control. At present,
only limited work on plant cell culture of Aquilaria has
been reported in the literature. Previous reports have
shown that salicylic acid, methyl jasmonate, and β-glucan,
which are experimentally used as elicitors of plant defense
responses, resulted in enhanced production of three
sesquiterpenoids (α-guaiene, α-humulene, and δ-guaiene)
and 2-(2-phenylethyl)-chromones (Okudera and Ito, 2009;
Kumeta and Ito, 2010). However, similar to our study, cell
growth was suppressed.
The addition of fungal elicitors to culture medium has
been used to stimulate metabolic pathways for secondary
metabolite production (Jacinda et al., 2008). In Aquilaria
sinensis cell culture, crude extract from the fungus
Melanotus flavolivens was reported to elicit production
of four different types of 2-(2-phenylethyl)-chromones.
However, terpenoid compounds were not reported (Shu
et al., 2005). In our study using A. malaccensis cell culture,
the fungal elicitor stimulated sesquiterpenoid compounds
such as eudesmol (0.63%) and α-guaiene (0.54%).
Chemical profiling revealed that eudesmol (3.2%) and
α-guaiene (10.3%) are major compounds of Malaysian
agarwood oils distilled from wild agarwood chips (Saiful
and Mashitah, 2010). These findings show promise for
the use of a fungal elicitor as an induction method for
agarwood through cell cultures.

Chromone derivatives found in agarwood are
produced concurrently with cell death and are reportedly
responsible for the warm, balsamic, sweet, and long-lasting
odor produced when agarwood is burned (Okudera and
Ito, 2009; Naef, 2011). In suspension culture, decrease in
biomass accumulation indicates that cells are starting to
die due to the reduction in the primary metabolism of
cell-substituting for defense response (Chen and Chen,
2000; Zhang et al., 2001). In A. malaccensis cell cultures,
the chromone 5-hydroxy-6,7,8-trimethoxy-2,3-dimethyl
is a different derivative than the 2-(2-phenylethyl)chromone that was found in the cell suspension culture
of A. sinensis and A. crassna (Okudera and Ito, 2009).
These findings showed that a cell culture of A. malaccensis
is able to produce chromone derivatives within 20 days
after elicitation with Trichoderma extract. In comparison,
chromone was detected from the cell culture of A. sinensis
only after 24 days of elicitation with M. flavolivens
fungal extract (Shu et al., 2005). Chromone derivatives
are not likely to be compounds in which biosynthesis
is induced by signal transducers like sesquiterpenoids.
This compound is produced by the degradation of cell
wall constituents by endogenous enzymes during the
process of cell death (Okudera and Ito, 2009). This could
explain the faint scent of agarwood detected in some of
our cultures even when sesquiterpene compounds were
absent. Another compound, the fatty acid n-hexadecanoic
acid (also known as palmitic acid), was also found in A.
malaccensis cultures under all treatments. Palmitic acid
is one of the principal chemical compounds of agarwood
oil (Pornpunyapat et al., 2010). Generally, it occurs in
many natural oils and fats and is used in making soap,
shampoo, conditioner, emulsifier, and emollient (Leng et
al., 2011). The fatty acid contained in the wood tissue of A.
sinensis is not responsible for the biosynthesis of fragrant
constituents in agarwood (Shu et al., 2005).
This work contributes to the establishment of in vitro
culture for Aquilaria for producing agarwood substances
using efficient fungal elicitors. Interestingly, agarwood
scent was perceived from the culture, and several agarwood
compounds were detected from the cell suspension
culture that emitted the scent. This result supports fungal
elicitation as a good practice to induce agarwood under in
vitro conditions.
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